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TREE PLANTATIONS FOR REHABILITATING DAMAGED
FOREST LANDS IN THE TROPICS

ARIEL E. LUGO

Iniroduction

Concerns about tropical rain forests center on the fragility of these ecosystems (Wil-
son 1988). Paradoxically, forest succession in the moist and wet lowland tropics (sen-
su Holdridge 1967) is extremely rapid (Ewel 1980, Brown and Lugo 1982). Today,
the area covered by secondary or ‘fallow’ forests that result from human conversion
of primary forests is expanding faster than the area covered by any other tropical
forest ecosystem (Laniy 1982). Successional forests appear to have a significant role
in the restoration of soil fertility {Bartholomew et af. 1953), species composition, and
forest biomass in deforested tropical lands (Brown and Lugo 1990). A key decision
for land managers who must restore the productivity of damaged tropical forest
lands is whether to let natural processes do the restoration job or intervene with
management actions that have the potential to be costly.

I believe that natural succession is the best and fastest restoration procedure availa-
ble for those rain forest environments where damage to scil and the biota has not
been irreversible (Lugo 1988). Speed of succession, measured as biomass accumula-
tion, is perhaps the best indicator of how damaged a site is. Natural succession will
be faster where human damage to the ecosystem is lower. However, many tropical
environments are characterized by slow succession even in the absence of human
damage because of limiting factors; e.g., too dry, too wet, too cold, or low fertility
(Ewel 1980). When limiting factors other than those caused by humans retard succes-
sion, land managers face the additional decision of whether or not to attempt to ac-
celerate the natural recovery process.

For the purposes of this discussion I am excluding all situations where natural suc-
cession is the preferred alternative over human intervention, or where forest succes-
sions are naturally slow due to limiting factors other than those caused by human im-
pacts on the ecosystem. Instead, I have focused attention on damaged sites where
human intervention is required to assure forest ecosystem rehabilitation, The degree
of damage that I address corresponds to Goodman and Bray’s (1975) ‘derelict land’
category. These are lands that are incapable of beneficial use without treatment.
Techniques for rehabilitating damaged sites in the temperate zone are given in Hutnik
and Davis (1973), Bradshaw et a/. (1978), Johnson and Bradshaw {1979}, Cairns
(1980, 1988), and Fox (1984), Bradshaw (1988). No such information is available for
tropical ecosystems.

Natural conditions in the lowland moist and wet tropics can either accelerate or
decelerate the speed of ecosystem rehabilitation. On the positive side, the greater
diversity of species improves the probability of finding the right combination of
plants to re-stock a damaged site, and favorable year-round plant growth conditions
increase the speed of recovery in most tropical ecosystems. On the negative side, once
vegetation is removed from a site, damage is exacerbated by the fast rate of erosional
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processes in high rainfall areas, particularly in tropical mountain regions. Thus, de-
lays in rehabilitation actions could reduce management options. Ecosystem rehabili-
tation can also be limited by biotic interactions that are more complex in the moist
and wet tropics. For example, seed predators may hinder tree regeneration, or insects
and diseases may attack stressed trees. Research is needed to evaluate the relative im-
portance of factors that accelerate or decelerate forest rehabilitation in damaged
tropical lowland sites,

An ecosystem rehabilitation model

T'use rehabilitation in the context described by Bradshaw (1988) and Lugo (1988). The
objective of rehabilitation is to restore the productivity of the land without regard
to how the rehabilitated system compares with the original one. Rehabilitating
damaged ecosystems is the inverse of stressing them (Lugo 1988) because the initial
objective is to increase net primary productivity. However, stress can be used in re-
habilitations that require slowing down one process in order to accelerate another
(e.g., slowing down herbivores to increase net primary production).

There are four types of rehabilitation (R} activities: (1) reducing environmental
stressors (R-1), (2) adding materials (R-2), (3) accelerating or decelerating ecosystem
processes (R-3}, and (4) changing site conditions (R-4)(Lugo 1988). The cost of
these interventions is suspected to be higher in R-3 and R-4. The simplest and least
costly rehabilitation activity is to reduce or control a stressor (R-1) such as fire, over-
grazing, or cutting. A second and more costly activity (R-2) involves adding species
{by planting or seeding), water, fertilizers, or soil to the site. An example of R-3
would be accelerating seed input to a site by attracting seed vectors such as birds or
bats. In damaged sites R-4 can be accomplished by changing drainage and topogra-
phy, or reducing light input by shading.

A land manager must be able to overcome all the energy drains and barriers that
prevent damaged forest lands from supporting forests that function at a prescribed
rate of productivity. Because it would be so difficult to know what the original start-
ing conditions were in any particular site, and because even if they were known, it
is difficult to force a complex system to develop towards a particular state (Ewel
1983), land managers are left with few criteria by which to evaluate the success or
failure of a forest rehabilitation. 1 propose that the establishment of a self-
maintaining forest where there was none before be used as a criterion for evaluating
the success of rehabilitation projects in damaged tropical forest lands, A self-
maintaining forest is the one whose dominant species reproduce and remain
dominant on the site.

One example of a tropical forest rehabilitation

Uhl {1988) studied the rehabilitation of forest cover in forest lands that had been
damaged by conversion to pasture in Brazil. Forest succession had repaired the
damage fairly rapidly in lands where the conversion to pasture did not degrade the
site. In some lands, however, excessive soil compaction, repetitive weeding and use
of fire, large distance to arborescent seed sources, excessive seed predation, and
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harsh microclimate prevented re-establishment of the forest cover. Uhl found that
the three main limiting factors to forest rehabilitation were (1) lack of seeds, (2) seed
predation, and (3) seediing mortality due to harsh environmental conditions.

Actions required to rchabilitate these forests correspond to increasing the rate of
natural seed dispersal, reducing the stress associated with the activity of seed preda-
tors so that seed supply increases, and changing the microclimate. Overcoming these
limitations will be costly unless natural processes can be utilized to do the job. For
example, seeds could be dispersed by bats, birds, or other animals if these organisms
are somehow assured access to and from natural forest stands and into the damaged
site. Seed predators would have to be biologically controlled. Overcoming microcli-
matic difficulties will be expensive at the landscape scale. All actions are possible,
but long periods of time would be required to rehabilitate large areas.

In extreme examples such as the highly degraded Brazilian pastures or in devastat-
ed lands such as mined areas, planting of trees may be a quicker route to forest re-
habilitation. This appreach is also costly, but once a species is identified as suitable
for the conditions of the site in question, forests re-establishment occurs faster than
it would through natural succession. If time is important (e.g., to avoid further site
damage caused by soil exposure), tree plantations may be an economical and ecologi-
cally acceptable alternative to natural succession. In discussing rehabilitation ap-
proaches for the damaged pasture sites in Brazil, Uhl (1988) considered human dis-
persal of seeds, transport of forest soils to damaged sites, use of new types of seed
vectors, and plantings. Given the costs involved in these strategies, he suggested that
a necessary first step was the establishment of some predator-resistant, stress-tolerant
tree species.

Advantages of rehabilitation with tree plantations

Any tree species (native or exotic) that is adapted to damaged sites can and should
be planted to accelerate forest rehabilitation. For the planting to be successful, the
silviculture of the species shouid be known. Unfortunately, silvicultural understand-
ing of most tropical tree species is usually poor. Forestry research has favored testing
of exotic over native tree species. It is thus likely that an exotic tree species previously
proven in local trials has a better probability of accomplishing Uhl’s first critical step
than a native species.

The main advantage of using exotic tree plantations to rehabilitate damaged sites
is their likelihood of success. Many studies document the success that exotic species
have in marginal habitats (c.f., Ewel 1986, Vermeij 1986). Because of their success
as invaders of damaged sites, many naturalized or escaped plant species are perceived
as pests by those who do not realize that these plants are exploiting new environments
to which they are better adapted than native species. The following quote from Ewel
(1986, p.228) underscores this point: ‘Species invasions often reflect the condition of
the community being invaded rather than uniquely aggressive traits of the invader.’
As environmental conditions change, other native species should enter the site.
However, if the altered environment condition persists, the exotic species usually re-
mains dominant.

Tree species (native or exotic) can be selected according to their adaptability to
damaged sites. Plantations in these localities will have the following additional ad-
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plantation and natural forest sites showed that seasonal changes in litter storage do
not affect the relative ranking of plantation vs. forests in terms of litter accumulation
(Lugo 1989). Plantations that were watered and fertilized (those with ages of 5.5 yr)
accumulated more biomass and nutrients in a shorter time than the ones that were
not watered or fertitized, Because fertilizers and irrigation are expensive, tree plant-
ings in damaged sites near human settlements could be irrigated with sewage effluent
from human dwellings. This assumes that the sewage receives primary and secondary
treatment before application. Sewage effluents would fertilize sites and provide
water, both of which stimulate tree growth, and accelerate nutrient and biomass ac-
cumulation, thus increasing the number of tree species that could be cultured at the
site. Care is needed to avoid water supply contamination by the effluent.

Each different tree species maintains a characteristic rate of nutrient return to, and
accumulation in, the forest floor when grown in the same climate and soil (Cuevas
and Lugo, unpublished, Lugo ef al. 1990b, Wang et al., unpublished, Table 1). In
an experiment with 10 species in Puerto Rico, Cuevas and Lugo (unpublished) found
that the return of biomass and nutrients by litterfall was under species control rather
than under environmental control. Apparently the adjustment of these ecophysiolog-
ical processes to site variations are limited to narrow ranges in each species. This may
be one reason why high nutrient-demanding species fail to grow in nutrient-poor soils
or why low nutrient-demanding species do not compete well in nutrient-rich soils.
However, trees that use nutrients efficiently become progressively more independent
of site conditions as they reach maturity (Bowen and Nambiar 1984). Most of the
nutrient uptake is done early in the life of the tree, a circumstance that could be used
advantageously in damaged sites by fertilizing trees when nutrient uptake is at a maxi-
mum. However, experience with tree fertilization in tropical plantations is not exten-
sive, and more research is needed.

It may be argued that nutrients in the large litter mass of exotic tree plantations
(Table 1) are unavailable to native understory vegetation that may eventually replace
the exotic trees. The results listed in Table 2 show this to be untrue because understo-
ry development in unmanaged plantations is significant. In fact, litter mass and
nutrient turnover in these plantations is high (Cuevas and Lugo, unpublished, Lugo
1989) although the rate of nutrient turnover is slower in plantations than in paired
natural forests (Lugo 1989). The decomposition of biomass and turnover of nutrients
may be accelerated in damaged sites by seeding the soil and litter with mycorrhizae
and soil and litter fauna. Preliminary counts of these and other organisms in pine
plantations in Puerto Rico, however, suggest that they colonize the plantation even
without artificial seeding.

Plantations in the moist and wet tropics do not remain as plant monocultures
(Table 2). Immediately after establishment, the competition of native plants with the
plantings is intense, a situation that requires frequent weeding to protect seedlings.
Later, native trees invade the understory and eventually penetrate the canopy of the
plantation (Lugo 1989). Most of the understory species listed in Table 2 are native
tree species. The plantations from which the data were taken had been established
on sites damaged by agricultural activity. However, if these sites had sustained great-
er damage, there would have been reduced levels of native species invasions, at least
initially. Increased success of invasions of plantation understories by native species
should then occur after site conditions change due to the accumulation of litter and
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Table 2. Stem density and species of understory plants in 14 tropical tree plantations in the Luquillo Ex-
perimental Forest. Sampling area was 100 m?, and all plants with diameter = 0.5 and < 4 cm were mea-
sured. Results are representative of the plantations but conservative because all plantations were periodi-
cally weeded (Lugo 1988, Lugo ef al. 1990b). Also, older plantations had additional tree species (ingrowth)
with dbh > 4 cm.

Platation species Plantation Stem density Number of understory
age (yr) (No/0.1 ha) species

Anthacephalus chinensis 28 2,450 20
Eucalyptus patentinervis 27 4,400 26
E. saligna 25 2,330 20
Hernandia sonora 27 8,270 28
Hibiscus elatus 27 2,900 30
Khaya nyasica 27 4,790 27
Pinus caribaeq 9 2,510 17

23 3,980 16

27 2,400 24
P elliottii 27 3,120 29
Swietenia macrophylia 22 6,270 26

26 2,420 29

54 10,680 il
Terminalia ivorensis 24 6,460 3

soil organic matter on the forest floor, changes in soil structure, and the modification
of microclimate by tree cover.

Measuring and assuring success of rehabilitations on damaged sites

The successful use of plantations in rehabilitating a native forest on damaged sites
will depend on the establishment and growth of native species in the understory of
plantations. This in turn depends on the rate at which the plantation modifies site
conditions. If the site is so damaged that its modification by the plantations is slow,
the project will end up with a self-sustaining exotic ecosystem. If damage is not ex-
treme, a native forest should replace the exotic one. Another alternative would be
that a new ecosystem would be formed consisting of a combination of native and ex-
otic species (Ewel 1986).

The presence of exotic tree species in rehabilitated forests should not be construed
as a failure because the goal of rehabilitation in damaged sites is the establishment
of self-sustaining forest ecosystems where there were none before. The final species
composition is ultimately dictated by site conditions, which are bevond the control
of land managers. Obviously, the best assurance to maintaining pure native forests
is not to damage the site in the first place!

If sites are highly damaged, however, and if they require planting, the prospects
of success can be enhanced by taking the foilowing steps: (1) intensive planning and
careful species selection, (2) involvement of local people, (3) assure availability of
resources, facilities, and the will to complete the project, (4) provide continuous or-
ganizational support, (5) focus on areas with the best opportunities for tree growth,
(6) use of multiple seeding of plants, animals, and microorganisms, (7) recycle sew-
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age to enrich the soil and supply water for the trees, and (8) keep a research focus
for the program.

Research needs

Research should generate alternative methods for rehabilitating damaged forest
land. Plantation research with a focus on ecological implications to site rehabilitation
has not been extensively conducted in damaged tropical sites. Limited information
is available on how tropical tree species behave on damaged sites, and the silvicultural
needs of most tree species remain unknown, However, there are many examples of
successful tree establishment under these conditions. Research is needed to improve
understanding of the impact of tree on sites; on the required timing for planting, fer-
tilizing, and caring of trees t0 maximize their effect on site rehabilitation; and of the
possibility of interplanting combinations of native and exotic tree species in damaged
sites. Studies of faunal diversity and succession on damaged sites and plantations are
also urgently needed. More studies on seed-bank dynamics such as those of Young
et al. (1987) are needed, and these must be supplemented with studies of seed vectors
and ways of increasing their effectiveness in damaged sites.

Acknowledgements

This study was done in cooperation with of the University of Puerto Rico. I thank
S. Brown, D. Chinea, and C. Uhl for reviewing the manuscript.

References

Anderson, M. 1987. The effects of forest plantations on some lowland soils. 1. A second sampling of
nutrient stock. Forestry 60:69-86.

Ashton, P. 5. 1986, Regeneration in infand lowland forests in south Viet-Nam one decade after aerial
spraying by agent orange as a defoliant. Revue Bois et Forets des Tropiques 211:19-34.

Bartholomew, W. V., J. Meyer and H. Laudelout. 1953. Mineral nutrient immobilization under forest
and grass fallow in the Yangambi (Belgian Congo) region. Serie Scientifique No. 57. Publications de
L' Institut National pour L'Etude Agronomique du Congo Belge. Bowen, G. D. and E. K. S. Nambiar
{eds). 1984. Nutrition of plantation forests, Academic Press, New York, New York, USA.

Bradshaw, A. D. 1988. The reclamation of derelict land and the ecology of ecosystems. In W. R, Jordan
11I, M. E. Gilpin and J. D. Aber (eds). Reclamation ecology: a synthetic approach to ecological
research. University of Wisconsin Press, Madison, Wisconsin, USA.

Bradshaw, A. D., R. N. Humphries, M. S. Johnson and R. D Roberts, 1978. The restoration of vegeta-
tion on deretict land produced by industrial activity. Pp. 249-278 in M. W, Holdgate and M. J. Wood-
man (eds). Breakdown and restoration of ecosystems. Plenum Press, New York, New York, USA.

Brown, 5. and A. E. Lugo. 1982. The storage and production of organic matter in tropical forests and
their role in the global carbon cycle, Biotropica 14:161-187.

Brown, 5. and A. E. Lugo. 1990. Tropical secondary forests. Journal of Tropical Ecology 5: 6(1):1-32.

Cairns, J., Jr. (ed). 1980. The recovery process in damaged ecosystems. Ann Arbor Science Publishers,
Ann Arbor, Michigan, USA.

Cairns, §., Ir. 1988, Increasing diversity by restoring damaged ecosystems. Pp. 333-343 in E, O. Wilson
and F. M. Peters (eds). Biodiversity. National Academy Press, Washington, D.C., USA.

Dyson, W. G. 1965, The justification of plantation forestry in the tropics. Turrialba 15:135-139.

Evans, 1. 1982, Plantation forestry in the tropics. Clarendon Press, Oxford, UK.




Tree plantations for rehabilitating damaged forest lands 255

Evans, J. 1986. Developments in tree planting in the third world. Quarterly Journal of Forestry
80:225-232.

Ewel, I. 1. 1980. Tropical succession: manifold routes to maturity. Biotropica 12 (supplement):2-7.

Ewel, J. J. 1983. Succession. Pp. 217-223 in F. B. Golley (ed). Tropical forest ecosystems: structure and
function. Elsevier Science Publishers, Amsterdam, The Netheriands.

Ewel, 1. I. 1986. Invasibility: lessons from south Florida. Pp. 214-230in H. A. Mooney and J. A. Drake
(eds). Ecology of biological invasions of North America and Hawaii. Springer-Verlag, New York, New
York, USA.

Fearnside, P. M. 1988, Jari at age 19: lessons for Brazil’s silvicuitural plans at Carajas. Interciencia
13:12-24.

Fox, J. E. D, 1984. Rehabilitation of mined lands. Forestry Abstracts 45:565-600,

Goodman, G. T. and S. A. Bray. 1975, Ecological aspects of the reclamation of derelict and disturbed
land. Geo Abstracts Ltd., University of East Anglia, Norwich, UK.

Holdridge, L. R. 1967, Life zone ecology. Tropical Science Center, San José, Costa Rica.

Hughes, C. E. and B. T. Styles. 1987. The benefits and poiential risks of woody legume introductions.
International Tree Crops Journal 4:209-247. Hutnik, R. J. and G. Davis (eds). 1973a. Ecology and
reclamation of devastated land. 2 volumes. Gorden and Breach, New York, New York, USA.

Jiménez, V. and W. Picado. 1987. Algunas experiencias con Acacia mangium en Costa Rica. Silvoenergia,
Number 22,

Johnson, M. 8. and A. D. Bradshaw, 1979. Ecological principles for the restoration on disturbed degraded
land. Applied Biology 4:141-200.

Jurgensen, M. F., D. J. Frederick, H. A_ 1. Madgwick and G. R. Qliver. 1986. Soil development under
Pinus radiara and Eucalyptus regnans plantations. New Zealand Journal of Forestry Science 16:69-77.

Lanly, J. P. 1982. Tropical forest resources. Forestry Paper 30. United Nations Food and Agriculture Or-
ganization, Rome, Italy.

Lugo, A. E. 1988, The future of the forests. Ecosystem rehabilitation in the tropics. Environment
30(7):16-20 and 41-45,

Lugo, A. E. 1989, Comparison of tropical tree species with natural forests of similar age (unpublished
manuscript available from author).

Lugo, A.E,, D. Wang and F. H. Bormann. 1990a. A comparative analysis of biomass production in five
tropical tree species. Forest Ecology and Management. 31(3):153-166.

Lugo, A. E., E. Cuevas and M. J. Sdnchez, 1990b. Nutrients and mass in litter and topsoil of ten tropical
tree plantations. Plant and Soil 125:263-280.

Lugo, A.E., 5. Brown and I. Chapman. 1988, An analytical review of production rates and stemwood
biomass of tropical forest plantations, Forest Ecology and Management 23:179-200.

Poore, M. E. D. and C. Fries. 1985. The ecological effects of eucalyptus. Forestry Paper No. 59. United
Nations Food and Agriculture Organization, Rome, Italy.

Sdnchez, P. A., C. A, Palm, C. B. Davey, L. T, Szott and C. E. Russell. 1985. Tree crops as seils im-
provers in the humid tropics. Pp. 327-358 in M. G. R. Cannett and J. E, Jackson (eds). Attributes of
trees as crop plants. Institute of Terrestrial Ecology, Natural Environment Research Council, UK.

Shao-yi, H. and Zuo-yue, Y. 1984. The studies on the reconstruction of vegetation in tropical coastal erod-
ed land in Guangdong. Tropical and Subtropical Forest Ecosystem 2:89-90.

Thompson, D. A, D. L. Wright and O. Evelyn, 1986. Forest resources in Jamaica. Pp. 81-90in D. A,
Thompson, P. K. Bretting and M. Humphreys (eds). Foresis of Jamaica. The Jamaican Society of
Scientists and Technologists, Kingston, Jamaica.

Turnbull, J. W. (ed). 1987. Australian acacias in developing countries. Proceedings No. 16, Australian
Centre for International Research, Canberra, Australia.

Uhl, C. 1988. Restoration of degraded lands in the Amazon Basin. Pp. 326-332 in E. O. Wilson and F.
M. Peter (eds). Biodiversity. National Academy Press, Washington, D.C., USA.

Vermeij, G. . 1986. The biology of human-caused extinction. Pp. 28-49 in B. J. Norton (ed). The preser-
vation of species. Princeton University Press, Princeton, New Jersey, USA.

Whitehead, D. 1982. Ecological aspects of natural and plantation forests. Forestry Abstracts 43:615-624.

Wilson, E. O. 1988, The current state of biological diversity. Pp. 3-18 in E. ©. Wilson and F. M. Peters
{eds). Biodiversity. National Academy Press, Washington, D.C., USA.

Young, K. R., J. I. Ewel and B. J. Brown. 1987. Seed dynamics during forest succession in Costa Rica.
Vegetatio 71:157-173.







